ABSTRACT: Novel bis(biphenyl)-capped polyynes have been synthesized to investigate the modulation of the electronic and optical properties of sp-hybridized carbon-atom wires (CAWs) capped with π-conjugated sp 2 endgroups. Raman and Surface Enhanced Raman spectroscopy (SERS) investigation of these systems and Density Functional Theory (DFT) calculations reveal structural changes from polyyne-like with alternating single-triple bonds towards cumulene-like with more equalized bonds as a consequence of the charge transfer occurring when wires interact with metallic nanoparticles. While polyynes have semiconducting electronic properties, a more equalized system tends to a cumulene-like structure characterized by a nearly metallic behavior. The possibility to drive a semiconductor-to-metal transition has been investigated by systematic DFT calculations on a series of calculations together with Raman/SERS experiments unveil a semiconductor-to-metal transition induced by π-conjugation and charge transfer effects. This is discussed highlighting the role of aromatic endgroups of increasing size (i.e., phenyl, biphenyl, naphtyl and coronene) to show that the increase of the sp 2 conjugation alone is not enough to fully access to the tunability of properties.
suitable to investigate quantum effects such as ballistic conductance, spin dependent electron transport and Peierls' distortion. [8] [9] [10] [11] In a sp-carbon wire π-conjugation is maximized along one direction leading to outstanding properties, as predicted by theory. As a result in CAWs mechanical strength, thermal conductivity, electron mobility and nonlinear optical properties can reach unprecedented high values, outperforming many other materials so far investigated. 7, [12] [13] [14] In addition, CAWs possess the tunability of properties enabling to have the insulator-semiconducting-metallic functionality in the same system, a feature that is still difficult to achieve or even lacking in other carbon nanostructures. Hence CAWs represent an appealing opportunity for developing functional nanostructures with tunable properties potentially exploitable for advanced applications. 2, [15] [16] [17] Today, CAWs can be synthesized in stable form with several different endgroups and have been investigated by diffraction and spectroscopy techniques. In particular, Raman spectroscopy is fundamental for the detection and structural investigation of CAWs, similarly to many other carbonbased systems. [18] [19] [20] [21] [22] Long CAWs up to 44 sp-carbon atoms have been reported by R. Tykwinsky and coworkers by rational chemical synthesis 23 in which the endgroups can be used both to stabilize the wire and for selecting polyyne vs. cumulene structure. 24 Recently, a wire exceeding 6000 atoms with a length of several hundreds of nm has been fabricated in the core of a double wall carbon nanotube acting as a protective cage. 25 Other interesting CAW-related systems have been produced by different chemical and physical approaches in liquids or in films. [26] [27] [28] [29] [30] A system of particular interest is a CAW suspended between two graphene edges that can be fabricated with a top-down approach starting from graphene and removing atoms with the electron beam of a transmission electron microscope 31 . This achievement has stimulated a number of theoretical investigations focused on the peculiar electronic and transport properties of a sp-sp 2 hybrid carbon in which the graphene terminations naturally act as metallic electrodes of an atomic-scale device. On the experimental side, F. Banhart and co-workers reported the in situ study of the transport properties of a single wire bridging two graphene edges, outlining the occurrence of a strain-induced metal-tosemiconductor transition. 32 Very recently Sun et al. have reported the fabrication, with a surface science approach, and in situ STM observation of a sp-sp 2 hybrid 2-D system (i.e., graphyne). 33 This peculiar hybrid system, according to theoretical predictions, should display mechanical, electronic and transport properties challenging those of graphene 34, 35 . calculations together with Raman/SERS experiments unveil a semiconductor-to-metal transition induced by π-conjugation and charge transfer effects. This is discussed highlighting the role of aromatic endgroups of increasing size (i.e., phenyl, biphenyl, naphtyl and coronene) to show that the increase of the sp 2 conjugation alone is not enough to fully access to the tunability of properties.
Additional strategies are here proposed as guidelines towards the control of functional properties of CAWs in a wide range of values from semiconductor to metal-like.
RESULTS AND DISCUSSION
Vibrational and structural characterization of bis(biphenyl)-capped polyynes. The structure of bis(biphenyl)-capped polyynes (BPh[n]), resulting from DFT calculations, is presented in Figure 1 together with all the systems under investigation in this work. 28 , each peak can be assigned to a specific wire length (see Figure 2 ). All of these peaks have a wavenumber above 2000 cm -1 , which is typical of short wires with polyyne-like structure. The data displayed in Figure 2 clearly evidence the red-shift of the most intense Raman line with increasing chain length. The associated wavenumber dispersion has been rationalized in the framework of the Effective Conjugation Coordinate (ECC) model, which was proposed for the interpretation of the Raman spectra of polyconjugated materials 45 . The intense ECC line observed in the Raman spectra is assigned to a collective CC stretching normal mode, which is described as an oscillation of the Bond The trends observed in Raman spectra gain a particular relevance by considering the close link existing among the sp-CC stretching frequencies, the electronic gap and the structure of CAWs. 48 The increase in chain length implies a larger degree of π-electron delocalization which affects structural, electronic and vibrational properties. With increasing CAWs length, the BLA decreases and this behavior parallels the decrease of the HOMO-LUMO gap and the progressive red-shift of the frequency of CC stretching vibrations observed with Raman spectroscopy. The interplay existing among these physical quantities has been analyzed in many papers by means of experimental and theoretical approaches 2, 18 .
As expected, BPh[n] polyynes show a steady decrease of BLA with chain length. For instance, BLA changes from 0.1413 Å to 0.1170 Å moving from 4 to 12 carbon atoms (i.e., from BPh [2] to BPh [6] ).
This is correlated to a decrease of the HOMO-LUMO gap from 3.95 eV to 3.16 eV (see Supporting Information) and to the decrease of the ECC wavenumber experimentally observed by Raman spectroscopy (see Fig. 2 and Supporting Information). between the planes formed by nearby aryl groups.
SERS spectrum of BPh[n] polyynes shows remarkable differences in comparison with normal Raman (see Figure 3 ). Besides the peak at 1600 cm -1 (stretching mode of the aromatic aryl units), which is just enhanced in relative intensity (here used to normalize the intensity in the spectra of figure 3 ), the spectral region assigned to sp-CC stretching (ECC lines) is characterized by the appearance of a new broad feature below 2000 cm -1 . At higher wavenumber the SERS spectrum is less structured than the Raman spectrum and a main peak is observed at about 2160 cm Table S1 ). Furthermore, DFT calculations on charged species reveal that the sp-CC stretching Raman line corresponds to the position of the broad band observed in the SERS spectra (see Table S2 ). This proves that charge transfer effects significantly affect the structure and vibrational properties of BPh[n] polyynes.
In accordance with the behavior of Ph[n] polyynes, the calculation of the ionization potentials (IP) and electron affinities (EA) of BPh[n] polyynes, compared with those of Ag, reveals that the charge transfer occurs from the metal nanoparticle to the polyyne. This is proved by the calculation of the work required for the charge transfer, i.e. E ion [E ion = IP -EA], considering the two possible scenarios (Ag+/polyyne-or Ag-/polyyne+), as described in Ref. 28 . This is expected due to increased π-conjugation and it is also supported by DFT calculations (Table S3 of the Supporting Information). Furthermore, the behavior observed with vibrational spectroscopy is consistent with the fact that the BLA values of BPh[n] are lower than those of Ph[n] (Table S1 of In Figure 5 , we extended the computational analysis to the other polyynes/cumulenes reported in 
In comparison with H[n], the adoption of a phenyl endgroup (Ph[n]) is less effective in imposing a
triple bond on the first CC bond of the wire, due to the conjugated character of the sp 2 carbons of phenyl, resulting in a lower BLA (about 10% reduction of the BLA, from 0.16 to 0.14 A for the shortest wire) and a significantly lower HOMO-LUMO gap (37% of reduction from 6.9 eV to 4.3 eV).
This result suggests that π-conjugated endgroups (sp 2 -hybridized) can effectively communicate with the sp-carbon wire 28, 47 . In fact, comparing BPh[n] with Ph[n] polyynes, the slightly larger π-conjugation of biphenyls affects the band gap, the BLA and the sp-CC stretching frequency, as mentioned above. However, these changes are quite small and almost negligible in the case of BLA (see Table S1 and Figure 5 ). The non-planar conformation of the biphenyl group and its torsional flexibility certainly has a role in such a behavior. Thus we move to the case of Naph[n] polyynes where the two rings inside each endgroup are condensed and are forced to assume a planar geometry and a larger π-conjugation. Intriguingly, the effect on BLA is very small also in this case and a similar situation is found even considering more extensively π-conjugated coronene endgroups (Cor [n] polyynes). This indicates that π-electron delocalization between the sp 2 and sp regions of the molecules is not so effective in the modulation of the properties of the wires. Considering the HOMO-LUMO gap a somewhat larger effect is found, particularly in shorter polyynes which are also expected to be more sensitive to increasing π-conjugation. However, the modulation of the gap is restricted within a quite small range, similarly to the case of BLA (see Figure 5 ). Therefore, these results seem to rule out the possibility to significantly affect the structural and electronic properties of polyynes by choosing proper sp 2 carbon based endgroups. A rather different situation is found in long cumulenes tBuPh(n), which have been recently synthesized 24, 43 and fully characterized through vibrational spectroscopy and DFT calculations 2, 47 . The plots reported in Figs. 5 and 6 and data in Tables S1-S3 (Supporting Information), reveal very low BLA values in tBuPh(n) cumulenes, corresponding to a low electronic gap. The choice of tBuPh endgroups effectively tunes the structure and the properties of the sp carbon wire towards a metallic system. The molecular structure of tBuPh(n) cumulenes imposes that the terminal C atom of the wire forms two single bonds with the aryl endgroups. This implies that the first CC bond of the sp-chain has a double bond character which henceforth extends to the whole sp-chain generating a cumulene-like structure.
Such behavior is similar to the case of cumulenic vinylidene-capped CAWs which show a comparable low value of BLA (0.0306 Å 51 with respect to 0.0361 Å for tBuPh(6) and 0.02883 Å for Mes (6) ).
This result demonstrates that chemical strategies other than the choice of more conjugated endgroups should also be taken into consideration for tuning the properties of CAWs. In fact, by introducing π-conjugated endgroups, the charge delocalization to the wire is effective but small and seems to level-off and saturate for increasing size (i.e., conjugation path length) of the endgroups. On the other hand, if the endgroups are chosen such that they impart a double bond character to the first CC bond of CAWs, then a more equalized structure (towards cumulene) is obtained as a result of a sort of domino effect where the first C=C bond propagates its character all along the sp-chain.
To exploit the potentialities of mixed graphene/carbyne-like hybrid systems, our findings suggest that other strategies could also be adopted to get tunable conductive (i.e., metallic) CAWs. A further possibility in mixed sp 2 /sp systems is the selective oxidation of the terminal endgroup. This oxidation can be used to suitably induce a quinoid structure on the sp 2 endgroup which would then affect the conjugation pattern and impose a cumulene-like (nearly-metallic) structure on the sp-chain. To prove this concept we carried out a calculation on the Ph [4] polyyne where one of the CH bonds has been substituted with a C=O bond. Such a bond promotes indeed a peculiar localization of the C=C bond on the endgroups which in turns induces a double bond character on the first CC bond of the chain, generating in cascade a possible cumulenic structure. As expected, the resulting O=Ph(4) molecule shows a very low BLA value, which is similar to that of long cumulenes (see Fig. 5 and Table S1 ). For this reason we name the system as O=Ph (4), adopting the notation of round parenthesis referring to its cumulene-like structure (see Fig. 1 ). Interestingly, the HOMO-LUMO gap and the sp-CC stretching wavenumber of O=Ph(4) are even smaller with respect to tBuPh(n) cumulenes. The same calculation has been also carried out for an oxidized Cor[n] polyyne, leading to O=Cor(n). In this case BLA is lower than the unsubstituted molecule Cor[n] but it is larger than that of long (tBuPh(n)) cumulenes while the HOMO-LUMO gap is much smaller.
The previous discussion considers neutral molecules. As already commented above, a further possibility to tune CAW properties may be the use of charge transfer effects to significantly lower the BLA and induce a transition toward metallic species. In the charged CAWs here considered the CC bonds tend to equalize, both for cations and anions (Fig. 5) . The trend of the ECC wavenumber also supports the significant increase of π-conjugation found in charged species (see Supporting Information). Therefore, one promising approach to tune the properties of mixed sp-sp 2 carbon systems could be a controlled modulation of the charge-transfer between the systems and a proper substrate/nanostructure. The advantage of this approach is also the possibility to induce the metallic property in a reversible way by controlling the charge transfer without the need of complex synthesis procedure to select the endgroup.
Finally, for all the molecules considered here, we report the plot of ECC wavenumber vs. BLA in Fig.   6 , which clearly displays the correlation existing between the structure and the vibrational properties of CAWs. The reported trends are in good agreement with the results of the infinite chain models predicting a monotonic increase of the ECC wavenumber for increasing BLA. In fact in Ref. 48 a similar plot was reported, based on a simple theoretical model (Hückel theory) worked out for the ideal infinite chain (i.e., carbyne). Furthermore, for all the considered systems the ECC behavior as a function of BLA shifts towards higher BLA values for CAWs with higher HOMO-LUMO gap, in agreement with the theoretical model presented in ref. 48 . Thus, the ECC vs. BLA plot constitutes a very effective summary describing the correlation existing between structural, vibrational and electronic properties (i.e., larger BLA  larger HOMO-LUMO gap  larger ECC wavenumber).
The data collected in this work clearly show that the modulation of the physical properties of CAWs can be driven by endgroups over a rather wide range.
In conclusion we underline that: i) by using proper chemical substitutions affecting the conjugation pattern or by exploiting charge transfer effects, it is possible to obtain mixed sp-sp 2 carbon systems with tunable semiconductive/metallic behavior and tunable optical gap over a wide range; ii) a computational approach based on DFT calculations combined with experimental investigations based on vibrational spectroscopy display promising and powerful molecular engineering capabilities. All these findings call for further investigations aimed at exploring a wider range of chemical substitutions and assessing the best preparation strategies for selected CAW properties. 
MATERIALS AND METHODS
Materials. Diiodoacetylene prepared as described in ref. 52 was dissolved in decalin and stirred with copper biphenylacetylide (details of the preparation method will be published elsewhere were acquired at several different spots to check the homogeneity of the sample. Unless otherwise stated, Raman spectra were collected focusing through a 50x microscope objective at a laser irradiation power of 1 mW.
FT-Raman spectra were acquired with the Nicolet NXR 9650 instrument equipped with a Nd-VO4 laser (providing a 1064 nm excitation) and an InGaAs detector. Spectra were recorded directly on polyyne solutions placed within quartz NMR tubes. Spectra of pure solvents were also recorded as a reference background. Since the minimum spot size (~50 μm) is much larger than in micro-Raman measurements, a higher laser power is required to reach a comparable power density at the sample and backscatter a significant Raman signal. Therefore, measurements on BPh[n] were taken with an incident power of 2.5 W averaging over 1024 acquisitions (each lasting ~2 seconds).
SERS spectra were acquired by drop-casting the sample solution on SERS-active substrates made by silver nanoislands evaporated on silicon or glass. The equivalent thickness of silver (measured by a quartz microbalance) was finely adjusted to tune the plasmon resonance peak (measured by UV-Vis absorption spectroscopy) as close as possible to the laser excitation used in the micro-Raman instrument. The SERS-active substrates were carefully cleaned before use in ultrasonic bath (isopropyl alcohol, 5 minutes). This allows excluding any spurious background signal over the spectral region of interest for sp-hybridized carbon species (1800-2200 cm -1 ).
Computational Methods. The prediction of the structural, vibrational and electronic properties of all the systems here investigated has been carried out in the framework of density functional theory (DFT).
We adopted the hybrid PBE0 exchange-correlation functional 53 and the cc-pVTZ basis set. All calculations were carried out with the Gaussian09 quantum chemistry code 54 . For each molecule we have carried out geometry optimization and the calculation of the IR and Raman spectra (for the latter we adopted off-resonance condition). It was reported 55, 56 that the PBE0/cc-pVTZ method is well suited for reliably simulating the Raman response of CAWs. A good agreement with experimental data is expected, as reported in a previous work on related systems, i.e., diphenyl-capped polyynes (Ph[n]) 28 .
However, since current DFT methods are known to overestimate π-electron conjugation and predict an exaggerated frequency softening with increasing chain length, suitable scaling procedures are needed 55, 57 when comparing in details simulated spectra with experimental spectra. In the case of BPh[n], due to the similarity with Ph[n] polyynes investigated in the past, we adopted the same scaling procedure 28 . This consists in introducing a set of chain length-dependent scaling factors which are determined on the basis of the corresponding lines observed in the experimental Raman spectra. These scaling factors are 0.9503, 0.9487, 0.9508, 0.9522, and 0.9565 for n = 2, n = 3, n = 4, n = 5 and n = 6, respectively and have been used also for BPh[n] molecules. Further explanations about the rationale of this method are given in Ref. 28 . With the same theoretical approach, to help the interpretation of observed SERS spectra on the basis of charge-transfer effects we have also carried out calculations for BPh[n] in cationic and anionic states (1 charge).
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